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This r e p o r t  w a s  prepared by the  ZIT  Research I n s t i t u t e ,  

Chicago, I l l i n o i s ,  f o r  NASA Contract NASr-65(01). The con t r ac t  i s  

monitored by D r .  D.  Easter of t he  Lunar and Planetary Exploration 

Branch, NASA Headquarters, Washington, D . C .  The purpose of t h i s  

program i s  t o  provide high temperature p rope r t i e s  of simulated 

atmospheres of Mars and Venus. The present  research  program 

includes a measurement of t he  high temperature emiss iv i ty  of 

N2-C02 atmospheres and cons t i t uen t s  of these  atmospheres, and a 

measurement of t he  r eac t ion  r a t e s  t h a t  c o n t r o l  t he  approach t o  

equi l ibr ium behind shock waves i n  these atmospheres. 

r e p o r t  t he  d i s s o c i a t i o n  ra te  o f  CO f o r  temperatures of 7000°K t o  

12,000"K i s  presented. 
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ABSTRACT 

The dissociation rate of  CO has been measured for tempera- 

tures of 7000°K to 9000°K. 

shock waves in a CO-Ar gas mixture was monitored by observing the 

infrared radiation from the CO fundamental vibration band at 

4.65,t.f. 

The rate of CO disappearance behind 

The dissociation rates expressed in an Arrhenius .equation 
and classical collision theory (in cm 3 /particles-sec) are, 

respectively 

k = (5.80) T% exp (- 8.00 eV/kT) 

k = (9 .38)  (D/kT)3*88 exp (- D/kT) 

where D is the CO dissociation energy, k is the Boltzmann constant 
and T is the absolute temperature. 

determined from observations of emission from the CO ( 3 , O )  Triplet 

A rate constant was also 

band, on the assumption that the population in the CO(d 3 A),=, 

CO(X 1 x) molecules and A( 3 P) atoms, is proportional to the total 
energy level, excited by collisions of the second kind between 

CO population. 

emission exhibit a temperature dependence similar to that obtained 

with the infrared measurements, and are from 20 to 50 percent 

higher than those given above. Although the analysis of observa- 

tions made at higher temperatures is complicated by the fact that 

characteristic relaxation times for CO dissociation and argon 

ionization are comparable, the expressions above represent an 

upper limit that is within a factor of two of the rate for 

The rates determined from the CO Triplet band 

temperatures up to 12,000"K. 
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RADIATIVE ENERGY TRANSFER ON ENTRY INTO MARS AND VENUS 

INTRODUCTION 

I n  a cont inuat ion of t h e  study of r e a c t i o n  rates behind 

shock waves i n  C02-N2 atmospheres, t he  thermal d i s soc ia t ion  rate 

of CO has  been observed f o r  temperatures from 7000°K t o  9000°K. 

The high temperatures w e r e  obtained by passing a shock wave 

through a tes t  gas cons i s t ing  of two percent  CO i n  A r .  The 

argon serves as a hea t  bath,  permit t ing the  at ta inment  of high 

temperatures t h a t  are not  s i g n i f i c a n t l y  a f f e c t e d  by the  chemical 

r e a c t i o n  being observed. 

behind t h e  shock wave w e r e  obtained from measurements of the  

i n i t i a l  p ressures  and shock wave v e l o c i t i e s .  The ra te  of 

disappearance of CO(X 

by monitoring t h e  CO i n f r a r e d  r a d i a t i o n  a t  a wavelength of 4 . 6 5 A ,  

t he  wavelength a t  which t h e  CO fundamental v i b r a t i o n  band e x h i b i t s  

maximum emission a t  these  temperatures. 

t h i s  experiment t he  observed in f r a red  emission i s  d i r e c t l y  

propor t iona l  t o  the  CO concentration, so the  d i s s o c i a t i o n  rate 

can be determined from a c h a r a c t e r i s t i c  t i m e  of t he  r a d i a t i o n  

decay. 

The pressure  and temperature of t h e  gas 

1 +  ) behind t h e  shock wave w a s  determined 

' 

For the  condi t ions of 

The emission i n  t h e  u l t r a v i o l e t  and v i s i b l e  regions of 

t h e  spectrum w a s  observed f o r  a number of CO e l e c t r o n i c  t r a n s i t i o n s  

which o r i g i n a t e  on exc i ted  t r i p l e t  energy levels. The population 

i n  these  t r i p l e t  energy levels i s  much higher  than would be 

expected f o r  thermal equilibrium, and i t  i s  bel ieved t h a t  
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e x c i t a t i o n  r e s u l t s  from c o l l i s i o n s  of the  second kind between 

s i n g l e t  CO molecules and t r i p l e t  argon atoms. 

requi red  f o r  t h i s  emission t o  reach i t s  maximum value i s  about 

t e n  t i m e s  t h a t  of the  in f ra red  s i g n a l ,  t he  ensuing decay of 

emission i n t e n s i t y  occurs a t  about t he  same rate  as does the  

i n f r a r e d  s igna l .  

Although t h e  t i m e  

The emission from the  CO ( 3 , O )  T r i p l e t  band a t  6433 

w a s  monitored on each shock wave, and a ra te  cons tan t  determined 

on t h e  assumption t h a t  t h e  c o l l i s i o n s  of  t he  second kind wi th  

argon t r i p l e t  atoms produce a steady s t a t e  non-equilibrium 

population i n  the  CO t r i p l e t  energy l e v e l s  t h a t  i s  propor t iona l  

t o  t h e  t o t a l  CO concentrat ion.  

cons tan ts  are only 20 t o  50 percent l a r g e r  than those obtained 

from t h e  i n f r a r e d  measurements and e x h i b i t  approximately the  

same temperature dependence, suggests t h a t  while t h e  approximation 

used i n  the  ana lys i s  i s  not  exact ly  c o r r e c t ,  i t  i s  probably no t  

f a r  from the  t r u t h ,  and t h i s  t r i p l e t  band emission could provide 

a measure of t he  CO d i s soc ia t ion  rate. 

The f a c t  t h a t  the  r e s u l t i n g  sate 

The rate cons tan ts  f o r  both the  i n f r a r e d  and CO T r i p l e t  

band emission are given as funct ions of temperature and expressed 

a n a l y t i c a l l y  by a least  squares f i t  of t he  da t a  t o  both an 

Arrhenius equation and t h e  c l a s s i c a l  c o l l i s i o n  theory.  

determination of t h e  ra te  constant can be made f o r  temperatures 

up t o  9200°K. 

concerning the  shock wave proper t ies  because of t h e  poss ib l e  

inf luence  of argon ion iza t ion ,  which i s  complicated by the  fac t  

A r e l i a b l e  

Beyond t h a t  temperature t h e r e  i s  some unce r t a in ty  
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. .. 

that the characteristic relaxation time for argon ionization is 

comparable to that of CO dissociation. Therefore the analytical 

expression for the rate constant for temperatures from 7000°K to 

9000°K is presented as the most accurate determination possible. 

The rate constants for temperatures of 9000°K to 12,000"K fall 

consistently below this curve by at most a factor of two. 

the rate constant determined for temperatures of: 7000°K to 9000°K 

provides for temperatures up to 12,00O"K, an upper limit to the 

dissociation rate that is met in error by more than a factor of 

two. 

Thus 

I I T  R E S E A R C H  I N S T I T U T E  
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EXPERZMENTAL PROCEDURE 

Observations 

The measurements of the CO d i s soc ia t ion  ra te  w e r e  made 

wi th  the  same shock tube and o p t i c a l  system previously used 

i n  t h e  study of C02  d i ssoc ia t ion .  

(Fig. 1) c o n s i s t s  of a two spectrophotometer channels,  permi t t ing  

i n f r a r e d  and e i t h e r  u l t r a v i o l e t  o r  v i s i b l e  emission t o  be 

monitored on the  same shock wave. I n  both channels t h e  r a d i a t i o n  

from behind the  shock wave i s  col l imated by a p a i r  of s l i t s  and 

d i r e c t e d  by mir rors  through t h e  appropr ia te  monochromators onto 

a photomult ipl ier  tube f o r  the u l t r a v i o l e t - v i s i b l e  channel and 

an InSb de tec to r  f o r  t he  inf ra red  system. 

from these  de t ec to r s  are then displayed on a dual  beam osc i l loscope ,  

and photographed (Fig.  2 ) .  

The o p t i c a l  system 

The output  s i g n a l s  

The - in f r a red  s igna l  represents  emission from the  fundamental 

v i b r a t i o n  band of CO(X 1 ), which i s  centered a t  4 . 6 5 f i .  When 

the  shock wave passes  the  s l i t  system the re  i s  an i n i t i a l  r ap id  

r i se  i n  the  i n f r a r e d  emission as the  test gas i s  compressed and 

heated. 

of emission i n t e n s i t y ,  which ind ica t e s  a decrease i n  the  population 

Following t h i s  rise, t h e r e  i s  a near ly  exponent ia l  decay 

of exc i ted  v i b r a t i o n a l  levels of CO(X 1 E )  and i s  i n t e r p r e t e d  as 

CO d i s soc ia t ion .  For the  condi t ions of this  experiment, t h e  

i n f r a r e d  emission i n t e n s i t y  i s  p ropor t iona l  t o  t h e  CO concentrat ion.  

The temperature and pressure  o f  t he  ho t  gas depend pr imar i ly  on 

the  thermodynamic p r o p e r t i e s  of argon and are no t  s i g n i f i c a n t l y  

a f f e c t e d  by the  chemical reac t ion  behind the  shock wave. The CO 
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Lower Trace - CO IR Vibration Band 
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o p t i c a l  d e n s i t i e s  are t h e  order of 0.15 atm-cm, which i s  w e l l  

w i th in  the  region t h a t  t he  CO emission i s  l i n e a r  wi th  o p t i c a l  

dens i ty  . 
The u l t r a v i o l e t  v i s i b l e  spectrophotometer channel w a s  used 

t o  monitor emission from the  CO ( 3 , O )  T r i p l e t  band a t  a wavelength 

of 6434 A. Emission from CO e l ec t ron ic  band systems i s  no t  

genera l ly  observed i n  shock heated gases,  ( 3 )  because thermal 

equi l ibr ium populations are too low t o  provide measureable emission. 

It  i s  known t h a t  g r e a t e r  than equi l ibr ium populations i n  GO t r i p l e t  

energy levels are a t t a i n e d  i n  the  presence of a r a r e  gas,  ( 4 )  and 

i n  t h i s  i nves t iga t ion  t h e  emission from a number of CO bands 

o r i g i n a t i n g  on t r i p l e t  energy l e v e l s  h a s  been observed with a 

gas mixture of two percent  60 i n  argon. 

the  (0 ,O)  ( 0 , l )  (0,2) and (0,3) 3 A bands and t h e  ( 3 , O )  T r i p l e t  

band appear very s i m i l a r ,  and of t h e s e  t h e  CO T r i p l e t  (3 ,O)  band 

w a s  s e l ec t ed  f o r  f u r t h e r  study. 

The emission p r o f i l e  of 

The t i m e  required t o  reach the  maximum emission s i g n a l  €or 

the  CO T r i p l e t  band i s  about 50 M s t o  100 A s longer than f o r  

t he  i n f r a r e d  s i g n a l ,  and i s  presumably determined by t h e  rates 

of e x c i t a t i o n  of A( P) atoms and t h e i r  subsequent c o l l i s i o n s  of  3 

t h e  second kind with C O ( X 1 z )  atoms, 

mechanism i s ,  the  n e t  r e s u l t  i s  t o  produce a g r e a t e r  than 

Whatever t h e  e x c i t a t i o n  

energy l e v e l ,  and a f t e r  3 equi l ibr ium population i n  t h e  CO(d 

reaching a maximum the  emission from t h i s  energy level decays 

a t  approximately the  same r a t e  as t h e  i n f r a r e d  emission, The 

CO t r i p l e t  band emission w a s  monitored on each shock wave t o  

I I T  R E S E A R C H  I N S T I T U T E  
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investigate the possibility of obtaining additional information 

concerning the CO dissociation. 

Data Analysis 

The temperatures were calculated on the assumption that 

the CO translational, rotational and vibrational equilibrium were 

complete before significant dissociation occurred, and that the 

ionization of argon does not affect the gas temperature. The 

characteristic times for CO vibrational relaxation, (5Y6) co 

dissociation, and argon ionization(7) are shown in Fig. 3 .  

Although CO is noted for its long vibrational relaxation time, 

the dissociation is sufficiently slow that the asumption above 

is reasonable. Incomplete vibrational relaxation would not affect 

the temperature because of the small CO concentration, but it 

would result in a lower dissociation rate if dissociation from 

excited vibrational levels is important. 

Since the characteristic relaxation times for CO 

dissociation and argon ionization are the same order of magnitude, 

at first glance it does not appear possible to calculate the 

shock wave properties on the assumption that the argon ionization 

is either negligible or complete at the time the dissociation 

measuremknt is made 

the data for the dissociation rate constant was accomplished 

using only the rate constants for temperatures up to 9200"K, for 

which the effect of argon ionization is negligible. 

For that reason, the least squares fit to 

I l T  R E S E A R C H  I N S T I T U T E  
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Since the  d i s soc ia t ion  of CO and t h e  ionization of argorr 

are occurr ing simultaneously, t he re  i s  probably no we l l  defined 

temperature with which the  rate cons tan t  can be assoc ia ted .  

However, a poss ib l e  method of da t a  a n a l y s i s  i s  suggested by a 

comparison of t h e  charac te r  of t hese  two rates, and t h i s  method 

has been used t o  ob ta in  an  ind ica t ion  of t he  r a t e  a t  higher  

temperatures. The argon ion iza t ion  behind the  shock wave occurs 

i n  two s t ages  because of the  l a rge  d i f f e rence  i n  the  r e l a t i v e  

e f f i c i e n c y  of atom-electron c o l l i s i o n s  as compared t o  atom-atom 

c o l l i s i o n s .  F i r s t ,  t h e r e  i s  a very slow increase  i n  i o n i z a t i o n  

presumably r e s u l t i n g  from atom-atom c o l l i s i o n s ,  and then as 

s u f f i c i e n t  e l ec t rons  are produced, t he  rate increases  sharply.  

On t h e  o ther  hand, t he  CO d i s soc ia t ion  i s  most r a p i d  j u s t  behind 

the  shock wave, s i n c e  t h i s  r a t e  i s  d i r e c t l y  propor t iona l  t o  the  

CO concenfkation. Therefore, even though t h e  c h a r a c t e r i s t i c  t i m e s  

are comparable, i t  i s  possible  t o  ob ta in  the  measurement of t he  

d i s s o c i a t i o n  rate while the  argon i o n i z a t i o n  i s  s t i l l  n e g l i g i b l e .  

This can be expressed q u a n t i t a t i v e l y  by not ing  t h a t  t h e  argon 

i o n i z a t i o n  i s  less than 10 percent of i t s  equi l ibr ium va lue  f o r  

a t i m e  less than 0.4 of the  c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e .  (7) 

Thus i f  t he  CO d i s s o c i a t i o n  r a t e  measurement i s  obtained i n  a t i m e  

less than 0 .4  of the  argon ion iza t ion  r e l axa t ion  time, t h e  e f f e c t s  

of argon i o n i z a t i o n  a r e  s m a l l ,  The d i s s o c i a t i o n  r a t e s  obtained 

i n  t h i s  way are found t o  be within a f a c t o r  of two of t he  least  

squares curve f o r  7000°K f T 5 9 2 0 0 ° K .  On the  o the r  hand, 

I I T  R E S E A R C H  I N S T I T U T E  
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assuming complete ionization we find rate constants above this 

least squares curve, which, because of the expected decrease in 

activation energy with increasing temperature, is taken as an 

indication that the ionization is not complete when the dissociation 

measurement is made. 

The reaction being observed is CO + Ar 3 C + 0 + Ar, 
which has a dissociation energy of 11.08 eV. 

of CO is described by the first order reaction d(CO)/dt = -k(CO)(Ar), 

so the instantaneous CO concentration is given by 

The disappearance 

where (CO)o is the initial CO concentration, (Ar) is the argon 

concentration, and k is the dissociation rate of CO. Implicit 

in this expression is the assumption that the CO dissociation is 

primarily the result of Ar-CO collisions, and that collisions 

of CO with other atoms and molecules can be ignored because of 

the low concentration of these species. The dissociation rate 

is given by 

k = In 2/(Ar) tS 

where t is the half-life for the dissociation reaction. Since 

the infrared emission intensity is proportional to the CO concen- 

tration, this half-life can be determined from a plot of infrared 

emission intensity vs. time behind the shock waves. 

S 
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A rate cons tan t  w a s  a l so  determined from the  CO t r i p l e t  

band emission, on the  assumption t h a t  t h i s  emission i s  propor t iona l  

t o  the  t o t a l  CO concentrat ion.  

w i th  a standard r a d i a t i o n  source i n d i c a t e s  t h a t  t he  ho t  gas 

emiss iv i ty  i s  less than 0.05, so the  gas i s  o p t i c a l l y  t h i n .  

assumption on which the  da t a  reduction i s  based i s  tantamount 

t o  pos tu l a t ing  a s t eady- s t a t e  non-equilibrium population ‘ in  the  

A comparison of t he  hot  gas r a d i a t i o n  

The 

CO(d 3 A),=, level t h a t  i s  proport ional  t o  the  t o t a l  CO concentrat ion,  

and the re fo re  decreases a t  the same rate  as the  CO d i s s o c i a t i o n .  

The ra te  cons tan ts  were f i t  by the  method of least squares 

t o  the  classical c o l l i s i o n  theory f o r  diatomic molecules, ( 8 )  and 

t o  an Arrhenius equation, 

of t h e  rate constant  as a function of temperature. According t o  

the  c l a s s i c a l  c o l l i s i o n  theory t h e  ra te  of change of C 0 2  concen- 

t r a t i o n  i s  

t o  provide an a n a l y t i c a l  d e s c r i p t i o n  

where Z i s  the  c o l l i s i o n  frequency, t he  steric f a c t o r  P i s  the  

p r o b a b i l i t y  t h a t  a c o l l i s i o n  with s u f f i c i e n t  energy w i l l  produce 

a d i s s o c i a t i o n ,  D i s  t h e  d i s soc ia t ion  energy, k i s  the  Boltzmann 

cons tan t ,  T i s  the  absolu te  temperature and S i s  a f a c t o r  t h a t  

gives  the  number of t ransverse  t r a n s l a t i o n a l  and i n t e r n a l  energy 

degrees of freedom t h a t  cont r ibu te  energy t o  the  d i s s o c i a t i o n  

process .  Using t h e  c o l l i s i o n  frequency from the  k i n e t i c  theory,  

I I T  R E S E A R C H  I N S T I T U T E  
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t h e  rate cons tan t  becomes 

k = (P r2/S!)(8flkT/m)% (D/kT)' exp(- D/kT) 

where r i s  the  effective c o l l i s i o n  rad ius  and m i s  

( 4 )  

t h e  reduced 

mass of the  CO-Ar system. 

f a c t o r  P,  t he  c o l l i s i o n  radius  r,  and the  va lue  of S are uncer ta in ,  

t he  ra te  cons tan ts  were fit to  the  equation 

Since the  choice of t h e  steric 

k = c (D/kT)" exp(- D/kT) ( 5 )  

t o  provide the  cons tan ts  C and n ,  which w e r e  then used t o  

c a l c u l a t e  S and P. 
5 

The f a c t o r  S i s  a measure of t h e  degrees of freedom, 

o the r  than t r a n s l a t i o n a l  along the  l ine of c e n t e r s ,  t h a t  con t r ibu te  

t o  t h e  d i s s o c i a t i o n  process.  

ca l cu la t ed  by consider ing the  number of atoms involved i n  t h e  

c o l l i s i o n ;  f o r  a CO-Ar c o l l i s i o n ,  i n  which angular momentum 

i s  conserved, t he  maximum value i s  two. 

w e r e  a p e r f e c t  desc r ip t ion  of t he  r e a c t i o n  i n  o the r  r e spec t s ,  

one would expect t h i s  value of S t o  become less than 2 as 

temperature i s  increased, because the  theory i s  developed on the  

assumption t h a t  t he  v i b r a t i o n  can be descr ibed by a harmonic 

o s c i l l a t o r .  

are such t h a t  less v ib ra t iona l  energy i s  a v a i l a b l e  than i n  the  

harmonic o s c i l l a t o r  approximation. 

The maximum value  of S can be 

Even i f  t h i s  theory 

As temperature increases, t h e  effects of anharmonicity 

I I T  R E S E A R C H  I N S T I T U T E  
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The d i s s o c i a t i o n  r a t e  da t a  were f i t  t o  Arrhenius equation 

of  t he  form 

5 
k = C T 2  exp(- Q/kT) 

t o  determine an a c t i v a t i o n  energy (Q) f o r  t he  r eac t ion .  

expected t h a t  t he  a c t i v a t i o n  energy w i l l  be less than the  CO 

bond d i s s o c i a t i o n  energy of 11.08 e V ,  because d i s s o c i a t i o n  w i l l  

occur from exc i t ed  v i b r a t i o n a l  levels. 

It i s  

I I T  R E S E A R C H  I N S T I T U T E  
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RESULTS AND DISCUSSION 

The d i s s o c i a t i o n  ra te  constants  determined from the  i n f r a r e d  

measurements f o r  temperatures from 7000°K t o  9000°K are shown 

i n  Fig. 4 .  The least squares f i t  of t h i s  da t a  t o  t h e  Arrhenius 

equat ion and t h e  classical c o l l i s i o n  theory y i e l d  the  expressions 
3 ( i n  c m  / pa r t i c l e - sec )  

-12 t k = (5.80) 10 T exp (- 8.00 eV/kT ) 

k = (9.38) (D/kT)3088 exp ( -  D/kT ) 

r e spec t ive ly .  

The a c t i v a t i o n  energy of 8.00 e V  i s ,  as expected, lower 

than the  11.1 e V  CO d i s soc ia t ion  energy, which i s  a t t r i b u t e d  t o  

t h e  r e l a t i v e l y  high v i b r a t i o n a l  e x c i t a t i o n  a t  these temperatures. 

This r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  var ious  t h e o r i e s  t h a t  suggest 

d i s s o c i a t i o n  occurs from exci ted v i b r a t i o n a l  l e v e l s ,  

bu t  does not  provide s u f f i c i e n t  evidence t o  choose among them. 

According t o  the  classical c o l l i s i o n  theory, t h e  number of 

t ransverse  t r a n s l a t i o n a l  and i n t e r n a l  energy degrees of freedom 

t h a t  c o n t r i b u t e  t o  the  d i s soc ia t ion  process  i s  S = n + = 4 .38 .  

For a Co-Ar c o l l i s i o n  i n  which angular momentum i s  conserved the  

va lue  of S should be 4 2 ,  so the  r e s u l t s  obtained i n  t h i s  

i n v e s t i g a t i o n  suggest t h i s  theory i s  not  app l i cab le  t o  CO 

d i s s o c i a t i o n .  A s t e r i c  f ac to r  of  3 x i s  obtained from t h e  

da t a  i f  t he  v i s c o s i t y  c o l l i s i o n  r ad ius  i s  used; t h i s  va lue  i s  

(10,11,12) 

I I T  R E S E A R C H  I N S T I T U T E  
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Fig. 4 CO Dissociation Rate vs. Temperature for Temperatures of 
7000°K to 9000°K from Observations of Infrared Emission 
at 4.65M . 
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lower than the  values  of about 1 t o  10" t h a t  are expected i f  t he  

theory i s  appl icable ,  which o f f e r s  a f u r t h e r  suggestion t h a t  t he  

classical c o l l i s i o n  theory i s  not  a s a t i s f a c t o r y  desc r ip t ion  of 

CO d i s s o c i a t i o n .  

The rate cons tan ts  obtained from the  CO T r i p l e t  band 

emission over t he  same temperature range are shown i n  Fig. 5;  

t he  least squares f i t  of t h i s  da t a  t o  the  Arrhenius equation and 

c l a s s i c a l  c o l l i s i o n  theory y i e l d  the  expressions ( i n  c m  3 / p a r t i c l e - s e c )  

k = (4.24) T' exp ( -  7.58 eV/kT ) 

and 

k = (1.98 10 -I3 (D/kT)4*54 exp ( -  D/kT ) 

r e spec t ive ly .  

agreement with t h e  8.00 e V  obtained from the  i n f r a r e d  observat ions,  

which i n d i c a t e s  t h a t  t he  temperature v a r i a t i o n  of these  two rates 

i s  s i m i l a r .  The d i s soc ia t ion  r a t e s  obtained from t h e  CO t r i p l e t  

band emiss ion-are  from 20 t o  50 percent  higher than t h e  i n f r a r e d  

measurements f o r  t h i s  temperature range. 

t h i s  d a t a  t o  the  classical  c o l l i s i o n  theory y i e l d s  r e s u l t s  s i m i l a r  

t o  t h e  i n f r a r e d  da ta ,  i n  t h a t  t he  va lue  of S = 5.04 i s  g r e a t e r  

than allowed by the  physical  p i c t u r e  of CO-Ar c o l l i s i o n s ,  and . 

t he  steric f a c t o r  of 2 x loo3 is  less than expected. 

The a c t i v a t i o n  energy of 7.58 e V  i s  i n  f a i r  

I 
I 

The app l i ca t ion  of I 

I 
1 
8 * 

. 
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Fig. 5 CO Dissociation Rate vs. Temperature for Tem eratures of 
7000'K to 9000'K from Observations of CO(3,OY Triplet Band 
Emission at 6434 A. 
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A poss ib le  i n t e r p r e t a t i o n  of these r e s u l t s  i s  t h a t  t he  

decay of t he  CO T r i p l e t  emission i s  r e l a t e d  t o  the  CO d i s soc ia t ion ,  

bu t  i n  a more complicated way than the  assumption t h a t  t h e  

population i n  the  CO(d 3 A),=, level i s  propor t iona l  t o  the  t o t a l  

CO( 1 E )  and A r (  3 P) atoms, following e x c i t a t i o n  of t he  argon t o  

CO population. 

probably occurs through c o l l i s i o n s  of the  second kind between 

The e x c i t a t i o n  of t h e  CO T r i p l e t  energy levels 

t r i p l e t  l e v e l s .  Of the  th ree  Ar('P) l e v e l s  near 11.5 e V ,  the  
3P2 and 3 Po are metastable  while the  3Pl i s  r a d i a t i v e l y  connected 

with t h e  ground state.  A l l  t h r e e  A r (  3 P)  levels are wi th in  an 

kT 2 0.5 e V ,  i t  i s  l i k e l y  t h a t  t r a n s i t i o n s  among these  A r (  3 P)  

energy range of 0.17 eV, and s ince  f o r  t h i s  experiment 

states occur so f requent ly  t h a t  they may be regarded as one state.  

If t h i s  i s  the  case, t h e  th ree  levels can be considered as one 

(non-metastable) s ta te ,  and t h e  concentrat ion of A r  atoms i n  

t h i s  "state" i s  determined by d i f f e rence  between the  rate of 

population by the  cascade from higher  levels and c o l l i s i o n a l  

population of t h e  Ar( 3 P1) level, and the  de-population by 

r a d i a t i o n  from the  A r (  3 P1) l e v e l  and e x c i t a t i o n  from these  th ree  

levels. 

The concentrat ion i n  t h i s  11 state" and the  rate of t he  

process involving a c o l l i s i o n  of t he  second kind are n o t  

s u f f i c i e n t l y  w e l l  known t h a t  t h e  assumption of a CO(d 3 A) 

population proport ional  t o  the  CO concentrat ion can be j u s t i f i e d .  

However, t he  fac t  t h a t  t he  r a t e  obtained from these  observat ions 

i s  i n  f a i r  agreement with t h a t  obtained from t h e  i n f r a r e d  

l l T  R E S E A R C H  I N S T I T U T E  
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r a d i a t i o n  suggests t h a t  t h i s  i s  approximately c o r r e c t s  A s  f a r  

as the  r eac t ion  rates i n  C02-N2 atmospheres a r e  concerned, t he  

s ign i f i cance  of these r e s u l t s  i s  t h a t  the  emission p r o f i l e  y i e l d s  

a r eac t ion  ra te  wi th in  a f ac to r  of two of t he  CO d i s s o c i a t i o n  

ra te .  This suggests t h a t  t he  CO d i s soc ia t ion  could be determined 

f o r  temperatures a t  which the  reac t ion  cannot be followed by t h e  

r e l a t i v e l y  slow InSb i n f r a r e d  de tec tor .  

The observat ions of CO d i s soc ia t ion  r a t e  made a t  tempera- 

t u r e s  up t o  12,000°K w e r e  analyzed on t h e  assumption t h a t  t he  

CO d i s soc ia t ion  could be measured before  the  argon ion iza t ion  

a f f e c t e d  the  temperature. 

shown i n  Fig.  6 ,  along w i t h  an ex t r apo la t ion  t o  these  higher 

temperatures of t h e  rates (eqns. 7 and 9) determined f o r  

7000"Ke T f 9200°K. 

below t h e  ex t rapola t ions  of t h e  lower temperature rates, by an 

amount t h a t  increases  with temperature t o  a f a c t o r  of about two 

a t  12,000"K. 

i s  considered less r e l i a b l e  than a t  lower tgnperatures  because 

of t he  uncer ta in ty  of shock wave p rope r t i e s ,  t h e  observed 

temperature dependence i s  a s  expected. I f  d i s s o c i a t i o n  i s  more 

probable from exci ted  v i b r a t i o n a l  l e v e l s ,  (Ioy 

energy should decrease as the  temperature, and the re fo re  

v i b r a t i o n a l  e x c i t a t i o n ,  increases .  The d i f f e rence  between t h e  

observed high temperature r a t e s  and the  ex t r apo la t ions  of lower 

The ra tes  obtained i n  t h i s  manner are 

These d i s soc ia t ion  rates are everywhere 

Although t h e  rate determination a t  these  temperatures 

12) the  a c t i v a t i o n  

temperature r e s u l t s  i s  approximately the  s a m e  as observed - i n  

o the r  s t u d i e s  . (2) 

I I T  R E S E A R C H  I N S T I T U T E  
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A f i t  of t he  higher temperature da t a  (9500OK & T --' 12,00O0K) 

t o  t h e  Arrhenius expression y i e l d s  an a c t i v a t i o n  energy of 5.50 e V  

and a ra te  cons tan t  of k = (2 .62)  

p re sen t ly  the  b e s t  estimate of t he  CO d i s soc ia t ion  rate f o r  

T ~"10,000"K. The Arrhenius expression f o r  a l l  t h e  observations 

from 7000°K t o  12,000"K i s  k = (1.89 10 

The expression determined w i t h  a l l  t h e  da t a  i s  no t  t h e  b e s t  f i t  i n  

any smaller temperature i n t e r v a l ,  bu t  r a t h e r  a compromise t h a t  

provides the  b e s t  desc r ip t ion  over t he  e n t i r e  temperature range 

afforded by the  Arrhenius equation. 

- 5.5 eV/kT. This is T% e 

-12 % T exp ( -  7 . 2  eV/kT) . 

l i T  R E S E A R C H  I N S T I T U T E  
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